The use of naturally infected hosts in studies attempting to identify parasite-induced changes in host biology is problematical because it does not eliminate the possibility that infection may be a consequence, rather than a cause, of host trait variation. In addition, uncontrolled concomitant infections may confound results. In this study we experimentally infected individual laboratory-bred female three-spined sticklebacks Gasterosteus aculeatus L. with the pseudophyllidean cestode Schistocephalus solidus [Mü ller], and compared the morphology and growth patterns of infected females with sham-exposed controls over a 16-week period. Fish were fed a ration of 8% body weight per day. Non-invasive image analysis techniques allowed the growth of individual plerocercoids to be tracked in vivo throughout the course of infection, and patterns of host and parasite growth were determined. Females that developed infections diverged morphometrically from unexposed control females and exposed-uninfected females at 6 weeks post-infection, with the width of the body at the pectoral fins giving the earliest indication of infection success. When including the plerocercoid, infected females gained weight more quickly than controls, but when plerocercoid weight was removed this trend was reversed. There was no effect of infection on the increase in fish length. Plerocercoids grew at different rates in individual hosts, and exhibited measurable sustained weight increases of up to 10% per day. Final estimates of plerocercoid weight from morphometric analysis prior to autopsy were accurate to within +/x17 % of actual plerocercoid weight. At autopsy, infected female sticklebacks had significantly lower perivisceral fat reserves but had developed significantly larger ovaries than controls. The results are discussed in relation to previous studies examining natural infections, and the value of utilizing experimental infections to examine ecological aspects of host-parasite interactions is discussed.
Plerocercoids of the pseudophyllidean Schistocephalus solidus [Mü ller] are common parasites of three-spined sticklebacks Gasterosteus aculeatus L. in lacustrine populations throughout the host's geographical distribution (Arme & Owen, 1967 ; Kennedy, 1974 ; Wootton, 1976) . Sticklebacks acquire the parasite by ingesting infected copepods, and plerocercoid stages grow rapidly in the body cavity, ultimately contributing up to 50 % of the mass of infected fish (Smyth, 1994) . The parasite only achieves sexual maturity naturally following the predation of host fish by endothermic vertebrates, typically piscivorous birds.
The energetic drain and morphological changes associated with infection have considerable potential to impact on natural patterns of growth, sexual development, behaviour and ecology of host fish, and the stickleback -S. solidus host-parasite system has become a popular model system in ecological parasitology. Natural infections are associated with considerable variation in patterns of behaviour, ecology and growth of sticklebacks (Milinski, 1990 ; Barber & Huntingford, 1995 ; Barber, Hoare & Krause, 2000 for reviews) . However, because individuals with pre-existing differences in biology may be differentially susceptible to infection, correlational studies that use naturally infected hosts are not sufficient to identify causal relationships (Poulin, 1998 ; Barber et al. 2000) . Furthermore, the influence of uncontrolled concomitant infections in naturally infected hosts poses problems for reliably attributing infection-associated variation in host biology to any individual parasite.
One advantage of S. solidus is that the progenetic development of the plerocercoid facilitates rapid, in vitro culture (summarized by Smyth, 1990) , allowing experimental infections of copepods -and hence sticklebacks -to be undertaken readily. Although there may be problems in studying parasitized hosts under unnaturally favourable laboratory conditions (see Candolin & Voigt, 2001) , an experimental approach to assigning infection is essential to determine causal links between infection status and host phenotype variation. Yet although experimental infections have been used to examine the effects of S. solidus on the behaviour of host copepods (e.g. Urdal, Tierney & Jakobsen, 1995 ; Wedekind & Milinski, 1996 ; Wedekind, 1997 ; Wedekind & Jakobsen, 1998) , studies utilizing experimentally infected stickleback hosts are scarce. Given the utility of the stickleback -S. solidus host-parasite system in ecological parasitology there is a clear need for information on the effects of experimental infections on host energetics and growth.
In those few studies that have used experimental infections, S. solidus has been shown to increase host growth under ad libitum feeding (Arnott, Barber & Huntingford, 2000) but not to affect growth during early stages of infection under threat of predation (Aeschlimann, Häberli & Milinski, 2000) . However, neither of these studies was designed to examine the effect of a standard ration on growth patterns of stickleback hosts and their plerocercoids. Earlier studies that examined the growth of plerocercoids after surgical implantation into the body cavities of host fish (Meakins & Walkey, 1973) gave inconsistent results, likely attributed to the success or otherwise of surgical procedures, and are not necessarily informative on the patterns of host and parasite growth that follow infection via a natural route.
In this paper we describe a study examining patterns of growth, morphological change and sexual development in laboratory-bred three-spined sticklebacks, fed a standardized ration over a 16-week period following experimental S. solidus infection. We compare patterns of growth, energy allocation and sexual development in infected fish with those exhibited by sham-exposed controls. Throughout the growth period we used a morphometric technique (modified from Barber, 1997) to estimate plerocercoid size non-invasively, allowing the growth rates of individual hosts and parasites to be tracked independently for the first time.
M A T E R I A L S A N D M E T H O D S

Fish supply
Adult three-spined sticklebacks Gasterosteus aculeatus, caught from Llyn Frongoch -an upland lake (280 m altitude) in mid-Wales (52x 21k N, 3x 52k W) -in May 2000 were brought into breeding condition in laboratory aquaria. Numerous natural spawnings involving multiple males and females generated fry, which were reared in 100 l stock tanks. After a 6 month period of growth in the laboratory, 40 size-matched juvenile fish (mean weight¡S.D. 0 . 13¡0 . 03 g) were selected for the experiment.
Experimental infections
S. solidus eggs were collected following in vitro culture of a single plerocercoid, recovered from a naturally infected adult stickleback from Llyn Frongoch. Eggs were incubated and hatched by exposing to light, releasing coracidia. Laboratory cultured copepods (Cyclops strenuus Fischer) were each fed a single S. solidus coracidium (Smyth, 1990 and see Barber et al. 2001 for details of infection techniques). Screening after 6 and 27 days identified copepods harbouring infective procercoids. One singly infected copepod was fed to each of 30 of the selected sticklebacks and the remaining fish (sham-exposed controls) were fed parasite-free copepods. The imbalance in fish numbers between groups was to counter the fact that infections do not establish in all experimentally (and presumably naturally) exposed fish. There was no significant difference in the size (wet weight) of exposed and sham-exposed fish (Kruskal-Wallis ANOVA, H=1 . 07, P=0 . 301).
Feeding regime and husbandry
The 40 sticklebacks were housed individually in perforated 25 l aquaria within a filtered recirculating system (Ali & Wootton, 2001 ) at 18¡0 . 5 xC on an 11L : 13D photo-period, and fed live whiteworms (Enchytraeus sp.) at a ration of 8 % wet body weight per day. Fish were removed from their home tanks at weekly intervals for 10 min to allow swimming and escape response behaviours to be quantified as part of a separate study (Barber & Svensson, unpublished observations) .
Measurement and image analysis
At 14-day intervals individual fish were filmed in dorsal profile above a light box to maximize contrast. Fish were weighed (to 0 . 001 g), and body depth was measured using dial callipers (measured at the 2nd dorsal spine, to 0 . 1 mm ; Fig. 1 ). Video frames suitable for image analysis (in which fish were oriented with minimal tilt in the vertical plane) were analysed using ImageTool @ on a PC. Standard length (SL, to 0 . 01 mm), dorsal profile area (A, to 0 . 01 mm 2 ; Barber, 1997) and body width at the base of the pectoral fins (BW to 0 . 01 mm) of each fish was measured ( Fig. 1) .
Estimation of in vivo plerocercoid growth
The relationship between A and SL for non-infected fish in the study was determined using linear regression on log 10 -transformed data, and the relationship used to calculate the residual A (A r ) of infected fish. The proportional weight contribution of the parasite (parasite index, Arme & Owen, 1967 ; I p ) is related to the A r of S. solidus-infected sticklebacks by the equation :
Plerocercoid weight (W p ) can therefore be estimated using the equation :
where W f+p is the wet weight of the infected fish (plus the plerocercoid) (Barber, 1997) . Plerocercoid weights estimated at 14-day intervals were used to reconstruct the growth trajectory of plerocercoids harboured by infected sticklebacks. After 16 weeks the estimated weight of each plerocercoid was compared with its actual weight after being recovered from the body cavity.
Autopsy
After 16 weeks all fish were sacrificed, weighed, measured and dissected under a binocular microscope to confirm infection status and identify host gender. Any S. solidus plerocercoids recovered from the body cavity of infected fish were blotted and weighed (to 0 . 001 g). The liver, gonads and any perivisceral fat bodies (PVFBs) were removed and weighed (to 0 . 001 g).
Statistical analysis
Statistical analysis was restricted to comparing the performance of experimentally infected and shamexposed females. Males were omitted from the analysis because of their low frequency and the fact that none became infected. The data from exposed, uninfected females are presented graphically, but are not included in the analysis because of their potential heterogeneous origin (see Discussion section). Residual morphometric parameters of sham-exposed and infected females, calculated from standard regression with body length, were compared using non-parametric Kruskal-Wallis (K-W) ANOVA (Siegel & Castellan, 1988) . Differences in the growth trajectories of sham-exposed and infected females were compared using repeated measures (r-m) ANOVA (Sokal & Rohlf, 1995) . To fulfil the requirements of a fully balanced design, we compared the growth of the 4 infected females that survived to the end of the study with 4 of the 7 sham-exposed females, selected to provide conservative estimates of P-values (i.e. in each case the 3 sham-exposed females that deviated most from the infected group were not included). SGRs of sham-exposed and experimentally infected fish were averaged over 14-day periods and compared at each date using K-W ANOVA. Relationships between fish weight and liver, ovary and PVFB weights for control and experimentally infected female sticklebacks were compared using ANCOVA.
R E S U L T S
Outcome of parasite exposure
The proportion of infective parasites that established successfully in sticklebacks was low, with only 5 of the 30 exposed fish developing infections. The sample of fish used in the study was strongly female-biased. Of the 30 fish fed infective procercoids, 25 were females and 5 were males, so 3 . Changes in the residual (body-size corrected) values of (A) body width (BW r ), (B) dorsal profile area (A r ) and (C) body depth (BD r ) of sham-exposed (%), exposed-uninfected ( ) and experimentally infected female sticklebacks (&) over the 16-week study. *, **, *** represent statistically significant differences between non-exposed and experimentally infected females at P<0 . 05, P<0 . 01, P<0 . 005 respectively. #0 . 05<P<0 . 10. although all 5 of the fish that developed infections were females, there was no significant gender effect on susceptibility (x 2 =1 . 20, D.F.=1, P=0 . 27). All infected females harboured single plerocercoids, and examination of all fish at autopsy revealed no other macroparasite infections. One of the infected females died after 11 weeks ; it was found to harbour a plerocercoid of 0 . 110 g, which contributed an I p of 16 . 0 %. The weight of plerocercoids recovered from experimentally infected females after 16 weeks ranged from 0 . 119 g to 0 . 159 g, with corresponding I p s of 16 . 6-25 . 8 % . Comparing week 16 estimates of plerocercoid weight (from image analysis) with actual plerocercoid weight showed the mean discrepancy to be +0 . 004 g (S.E.=0 . 011 g, range x0 . 023 g to +0 . 025 g), meaning that in the final week estimates fell between x17 . 5 and +17 . 1% of the actual weight of the plerocercoid.
Morphological changes in sticklebacks over the plerocercoid growth phase Figure 2 shows typical morphological changes in a representative infected fish over the study period, compared with a sham-exposed control. Infection was associated with significant changes in the 3 morphometric characters measured (see Fig. 3A -C and Table 1 ). Variation in BW r between infected and unexposed fish was significant in weeks 6 through 16, with infected fish exhibiting increasingly significant positive residual values. The A r of infected fish was significantly elevated from week 8, whereas variation in BD r was linked less consistently with infection status over the post-exposure period.
Growth of infected versus control sticklebacks
All fish grew considerably in length during the study, but there was no effect of infection status on the trajectory of body length increase (r-m ANOVA, The specific growth rate (SGR) of each fish was calculated over 14-day intervals using the equation :
where [W f(+p) (y) ] is the weight of the fish on day y, [W f(+p) (x) ] is the weight of the fish on day x and yxx is the length of the interval between successive weighings (14 days in this study). SGRs of infected fish were calculated both with and without plerocercoid weight (hence W f(+p) in the equation). SGRs of infected females (plus plerocercoid) were significantly higher than those of sham-exposed females between weeks 4 and 6 (K-W ANOVA, H=4 . 81, P=0 . 028) and there was a trend to remain higher between weeks 6 and 8 (H=3 . 49, P=0 . 062 ; Fig.  4C ). However, after week 10 the relative growth rates of infected and sham-exposed fish switched, with SGRs of infected females (plus plerocercoid) decreasing below those of sham-exposed females between weeks 12 and 14 (K-W ANOVA, H=4 . 32, P=0 . 038 ; Fig. 4C ). As a consequence of negligible parasite growth late in the study, the SGR of infected fish (less plerocercoid) was also lower than that of sham-exposed females between weeks 12 and 14 (K-W ANOVA, H=4 . 32, P=0 . 038 ; Fig. 4C ). 
In vivo plerocercoid growth
Once plerocercoids attained a size at which they were detectable by morphometric techniques, their growth trajectories and SGRs were reconstructed using weights estimated from morphometric analysis of hosts (Fig. 5) . Approximately sigmoid growth curves were observed in all plerocercoids, and average daily SGRs sustained over 14-day periods approached 10 % (Fig. 5B) . Although the slope of the plerocercoid growth curve from y40 mg to 120 mg was similar in all cases, there was considerable variation in the time taken for the parasite to reach a particular estimated weight (e.g. 3-7 weeks to reach 50 mg). Maximum plerocercoid size appears to have been reached by 12 weeks post-infection, with little growth occurring after this time.
Effect of infection on host energy reserves and sexual development
Infection status had no effect on either the slope or the elevation of the relationship between fish weight and liver weight (ANCOVA Horizontal broken line denotes infective plerocercoid weight, according to Tierney & Crompton (1992) . (B) Estimated specific growth rates achieved by individual plerocercoids over the measurable growth phase. also affected the relationship between ovary weight and fish weight, with larger infected females having increasingly larger ovaries than uninfected females (ANCOVA [slope] F 1,11 =20 . 04, P=0 . 002 ; Fig. 6C ).
D I S C U S S I O N
Our results show clearly that experimental Schistocephalus solidus infections cause significant changes in morphology, growth patterns and sexual development of female three-spined sticklebacks held under laboratory conditions. At a feeding ration of 8 % body weight per day, morphological changes in fish harbouring developing plerocercoids were noticeable after 6 weeks post-infection, with the width of the body at the pectoral fins giving the earliest and most consistent indication of infection status (see also Loot et al. 2001 Loot et al. , 2002 . Given the amount of time and space necessary to undertake studies of the growth and behaviour of individual experimentally exposed fish, the development of morphometric ' screening ' to identify failed exposures should be valuable since it allows research effort to concentrate on fish that harbour plerocercoids. Because we infected fish with single parasites we were able to use a morphometric technique to track the growth of plerocercoids, allowing the division of resources between host and parasite to be studied. At a ration of 8 % body weight per day, fish that develop infections gain weight more quickly over the first few weeks than non-exposed fish. However, when the estimated weight of the plerocercoid is removed from infected fish it is clear that the increased weight gain over weeks 6-12 post-exposure period is due to the growth of the parasite in the body cavity, rather than increased fish growth. These results support those of Walkey & Meakins (1970) , who suggested that the greater ' efficiency ' of energy conversion by plerocercoids resulted in naturally infected fish gaining weight more quickly than non-infected fish. In the present study, plerocercoids attained an average estimated size of y50 mg (the size at which S. solidus becomes infective to birds ; Tierney & Crompton, 1992) within 6 weeks. Even though the highest growth rates are likely to be achieved in the early phases of infection, when plerocercoid size cannot be measured non-invasively, parasites large enough to be detected morphometrically still sustained average daily SGR's of up to 10 % over a 14-day period. However, our results suggest that a ration of 8 % body weight per day is sufficient to allow fish harbouring plerocercoids to maintain their own growth until approximately 10 weeks post-infection.
Our finding that plerocercoid growth appeared to slow considerably after 12 weeks was unexpected, since in natural environments plerocercoids typically grow for a period of several months within stickleback hosts. It is possible that the 8 % host feeding ration allowed parasites to grow rapidly to a size at which further growth was constrained by the size of the host. Llyn Frongoch sticklebacks typify those of upland lakes in that they are slow growing and mature sexually at a small body size (Allen & Wootton, 1982) . These traits persist even under benign laboratory conditions (Wright, Barber & Wootton, unpublished observations) , and are likely to constrain the size that plerocercoids can attain. Further experiments should identify the effect of feeding ration on growth rate of hosts and parasites, and compare these to growth rates achieved in natural populations.
Other studies examining growth in experimentally infected sticklebacks have not provided standardized rations, making comparison with the present study difficult. The increased growth of experimentally infected sticklebacks demonstrated by Arnott et al. (2000) , achieved under conditions of ad libitum feeding, was not observed in the present study. This suggests that the increased growth of infected fish in the Arnott et al. (2000) study was most likely attained through infection-associated hyperphagia. In a study by Aeschlimann et al. (2000) , which was designed primarily to test the effects of a predator on foraging behaviour of infected fish, no effects of infection on growth were detected. However, feeding ration was not maintained at a constant level, and the study was intentionally limited to the early phase of parasite growth, before the parasites would have represented a significant nutritional burden.
Because fish were too small at the start of this study to allow reliable sexing based on morphological cues, parasite exposure was carried out blind to gender. At autopsy a clear female bias amongst all fish in the study was apparent, but the cause of this bias is unclear. Because three-spined sticklebacks have genetic sex determination (Griffiths et al. 2000) , female bias amongst exposed fish could not be a result of any gender manipulation effects of exposure to the parasite. Reasons for the low infection rates achieved in this study, compared with our previous studies (Arnott et al. 2000 ; Barber et al. 2001) are similarly unclear, but probably are exacerbated by our strict use of copepods harbouring only a single procercoid (see also attempts to experimentally infect roach with Ligula intestinalis reported by Brown et al. 2002) . Failed infections could have arisen through variation in either parasite viability or host response, and as such the group of exposeduninfected fish potentially has a heterogeneous origin. As the fish in our study were fed procercoids hatched from eggs recovered from a single cultured adult worm, we would not expect significant variation in viability or pathogenicity amongst parasites. On the other hand, stickleback fry were generated from a large number of parental crosses, and we suggest that variation in the success of parasite exposures is more likely to result from host-level variability. Previous work has shown that paternal effects linked to sexual ornamentation, can influence the susceptibility of fry to S. solidus infection (Barber et al. 2001) , and it would be of interest to know whether genetic effects can also influence the ability to limit plerocercoid growth. Such ability would be potentially beneficial, since it may allow hosts to delay the effects of the parasite until after breeding has been achieved (see McPhail & Peacock, 1983 ; Heins, Singer & Baker, 1999 for discussion). Interestingly, one of only two fish to die during the study was the experimentally infected fish that harboured the fastest growing parasite.
Naturally infected sticklebacks are known to succumb to starvation before non-infected conspecifics in laboratory studies (Walkey & Meakins, 1970 ; Pascoe & Mattey, 1977) . Despite favourable laboratory conditions and the provision of food at 8 % body weight per day in the present study, infected fish exhibited signs of poor nutritional status at autopsy, having significantly reduced perivisceral fat bodies (PVFBs) compared to non-exposed fish. PVFBs are developed as a lipid reserve in well-fed fish, and are utilized by fish under times of nutritional stress (Collins & Anderson, 1995) . The smaller PVFBs of infected fish suggest they would be less capable of surviving prolonged periods of food shortage, such as occur over winter.
Our finding that experimentally infected females developed significantly larger gonads than controls was unexpected, given that field studies typically find the opposite pattern (e.g. McPhail & Peacock, 1983 ; Heins et al. 1999) . We can think of 4 possible explanations for this result. Firstly, increased investment in gonad growth could be an adaptive strategy of female hosts which, when presented with favourable environmental conditions, may attempt to invest in sexual development before the parasite overwhelms their resources. Secondly, the observed increase in gonad development could be a neutral side-effect of infection, resulting from hormonal imbalance ; however, in other similar systems, gonadogenesis in host fish tends to be inhibited, not enhanced (Arme, 1968 (Arme, , 1997 . Thirdly, if energy invested in gonadogenesis is more easily accessible to growing plerocercoids, then altering the energy allocation strategies of female hosts, to invest more heavily in gametogenesis, could be a strategy of host manipulation by the parasite. Finally, it is possible that females that naturally enter gonadogenesis earlier may be more susceptible to infection. Further experimental studies utilizing this uniquely useful and amenable model system to examine the trade-off between host somatic growth, host sexual development and parasite growth should provide answers to these and other questions regarding the biology and ecology of host-parasite relationships.
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